Introduction {#S1}
============

The prevalence of obesity is increasing in the US, which is the result of a small positive energy balance in individuals that occurs over an extended time period ([@R1], [@R2]). Since energy intake comes from the food and beverages we eat, dietary recommendations to lose and maintain weight loss have been a cornerstone in the treatment of obesity. Many different diets have been recommended ([@R3]) and a number of studies have compared whether one or another diet produces more weight loss, seeking an approach to make it easier to lose weight and sustain weight losses ([@R4]--[@R7]).

Targeting macronutrient composition of diets is based on the effect that increasing dietary protein intake might have on metabolic rate or satiety. A recent study showed that resting energy expenditure was increased by dietary protein during overfeeding ([@R8]). Dietary protein might also increase satiety ([@R9]).

The Prevention of Obesity Using Novel Dietary Strategies (POUNDS) LOST Study was the largest study yet to compare the effects of diets with different macronutrient composition on weight loss. In this trial 811 overweight or obese individuals were randomized in a 2 by 2 factorial design to one of 4 diets that contained either 20% or 40% fat and either 15% or 25% protein. They were followed for 2 years. There was no difference in weight loss by diet assignment or in comparing high versus average protein, or high versus low fat diet assignment.

In a sub-study of 99 individuals in POUNDS LOST, measurement of total energy expenditure by doubly-labeled water showed a decrease during weight loss ([@R10]). The decrease in energy expenditure could be accounted for primarily by the decrease in resting energy expenditure. In the POUNDS LOST study, resting energy expenditure was measured at baseline to predict energy needs, and was measured again at 6 and 24 months. This paper reports the relation of resting energy expenditure to diet composition and weight loss.

Methods {#S2}
=======

The design of the POUNDS LOST study has been presented in detail elsewhere ([@R4]). Briefly, it was a randomized clinical trial (NCT00072995) comparing the effects on body weight of four energy-reduced diets that differed in their targets for macronutrients. The trial was conducted at two sites, one in Boston at the Harvard School of Public Health and Brigham & Women's Hospital; and the other in Baton Rouge at the Pennington Biomedical Research Center of the Louisiana State University System. The data coordinating center was at the Brigham & Women's Hospital, and there was participation of National Heart, Lung, and Blood Institute (NHLBI) project staff.

Participants {#S3}
------------

The goal was to recruit 800 overweight and obese participants, 400 at each site, with 40% men, aged 30--70 yrs, body mass index between 25 kg/m^2^ and ≤40 kg/m^2^. Major exclusions were diabetes, unstable cardiovascular disease, use of medications that affect body weight, or insufficient motivation as assessed by interviews and questionnaires at screening. The study was approved by the human subjects committees at each institution and participants gave written informed consent. They were informed that they would be randomly assigned to one of 4 diets. Mass mailings were the primary means of recruitment using lists of registered voters or drivers. Randomization assignments were generated by the data manager at the coordinating center upon request of a study dietitian and after confirming eligibility.

Protocol {#S4}
--------

The details of the design, dietary intervention, and results have been published ([@R4]). Briefly, at the completion of screening and baseline measurements volunteers were randomly assigned to one of four dietary treatment groups, using a factorial design with high or low fat diets and high or average protein diets. These diets were as follows: 1) Low fat/average protein (20% fat/15% protein = LF/AP); 2) Low fat/high protein (20% fat/25% protein = LF/HP); 3) High fat/average protein (40% fat/15% protein = HF/AP) or 4) High fat/high protein (40% fat/25% protein = HF/HP). These 4 diets thus had a graded carbohydrate composition of 65%, 55%, 45% and 35%. The volunteers were initially given individual instruction in their dietary plan by a registered dietitian. When a complete cohort was recruited they met 3 weeks out of each month with a dietary counselor for 6 months in separate groups according to their assigned diet. Intervention sessions continued at a slightly reduced frequency for an additional 18 months. At these sessions, participants were educated on their specific nutrient diet plan and taught behavioral techniques and skills to purchase, prepare, and follow their assigned diets and to self-monitor their intakes. They were given 14-day menus to enable them to strictly adhere to the diet regimen, as well as to be able to visualize the types and amounts of foods to help them meet their targets. Other strategies for adherence to diet were implemented if the participant tired of the structured menus. Participants were also instructed on how to use a computer tracking system in which they recorded their intake and received feedback on their success in achieving the goals of their assigned diet expressed as percentages above or below the mean target values. At the end of the recording session the participant received a graphic feed back on how they were doing with their specific diet. Participants in all 4 diet groups received similar lifestyle information in a standard form, including advice to increase physical activity to 90 minutes per week.

Resting Energy Expenditure (REE) {#S5}
--------------------------------

Resting energy expenditure was measured in all participants in the POUNDS LOST study at baseline, and at 6 and 24 months. Participants came to the laboratory after an overnight fast and 24 hr abstinence from caffeine, alcohol and exercise. After resting quietly for 30 minutes, a transparent plastic hood was placed over the head of the participant for another 30 minutes. They remained still and awake during the test, and the last 20 minutes of measurements were used for calculations. Oxygen consumption and carbon dioxide production were determined using a Deltatrac II Metabolic Monitor (Datex-Ohmeda, Helsinki, Finland). Calculations of O~2~ consumption and CO~2~ production were made from continuous measurements of O~2~ and CO~2~ concentrations in inspired and expired air diluted with a constant air flow (\~40 L/min) generated by the metabolic cart and provided the estimate of energy expenditure.

Calculated Data {#S6}
---------------

**Surface Area Equation:** $\text{Surface}\,\text{Area} = 0.007284^{\ast}{\lbrack\text{Wt}(\text{kg})\rbrack}^{0.725 \ast}{\lbrack\text{Ht}(\text{cm})\rbrack}^{0.425}$ ([@R11])

**Prediction Equation for Resting Energy Expenditure:** $\text{REE} = 714 + 11.2^{\ast}\lbrack\text{BodyWt}\,(\text{kg})\rbrack - 3.4^{\ast}\lbrack\text{Age}\,(\text{yrs})\rbrack + \lbrack 121.6\,\text{if}\,\text{male}\,\text{or}\, - 121.6\,\text{if}\,\text{female}\rbrack$

Statistical Analysis {#S7}
--------------------

Baseline data are presented as mean±SD, and changes from baseline as mean±SE. The primary outcomes of this study were the change in resting energy expenditure at 6 and 24 months in the four groups of 2×2 design (low or high fat and average or high protein). The data were also analyzed using the primary contrasts of high fat versus low fat and high protein versus average protein. Data were pooled for the two factorial comparisons of high fat vs. low-fat and high protein vs. average protein, and compared using two-sample t-tests. The difference in change by diet was evaluated using analysis of covariance (ANCOVA) with age, sex, and baseline values included in all models. Relationships between changes in body weight and REE were explored using linear regression. Equations for calculating the expected change were determined from baseline weight, height, age and sex, and used to determine expected values of REE at 6 and 24 months by substituting the observed body weights at those times into the equation. A two-sided significance level of 0.05 was set for all statistical tests. All analyses were performed using JMP 7 (SAS Institute Inc., 2011).

Results {#S8}
=======

Baseline Characteristics {#S9}
------------------------

Baseline characteristics of the participants by assigned diets ranked in order of percentage carbohydrate are shown in [table 1](#T1){ref-type="table"}. A total of 811 individuals (515 women, 296 men) were randomized ([@R4]). There was no difference in REE by diet assignment at baseline (P=0.33). Gender and race were equally distributed among diet groups. Height, weight, BMI, and waist circumference were significantly higher in men than women (data not shown). Baseline REE were significantly higher in men \[1831±12.2 kcal/d (mean±SE)\] than women \[1385±9.2 kcal/d)\](p\<0.0001). Adjusting for baseline weight or surface area reduced the difference, but baseline REE still remained significantly higher in men than women (M = 1697±9.8 kcal/d; F =1462±7.1kca/d; P\<0.0001). Baseline body weight was strongly and positively correlated with resting energy expenditure and waist circumference (P\<0.0001). REE declined with age by about 60 kcal/decade in women and 50 kcal/decade in men (p \<0.001).

Changes In Resting Energy Expenditure related to diet and weight loss {#S10}
---------------------------------------------------------------------

Changes from baseline to 6 and 24 months are arranged by assigned diet groups in [Table 2A](#T2){ref-type="table"} and [2B](#T3){ref-type="table"}. The change in RQ was significantly different between the 2 low fat (high carbohydrate) diets compared to the 2 high fat (low carbohydrate) diets at 6 months (p\<0.05) and 24 months (p\<0.05). Waist circumference was significantly smaller at 6 and 24 months and at 24 months.

The change in REE and body weight from baseline to 6 and 24 months by diet group is shown in [Figure 1](#F1){ref-type="fig"}. REE declined at 6 months by an average of 72±5.8 kcal/d (p\<0.0001), and the decrease was significantly smaller in women than men (55.2±10.6 kcal/d vs 99.5±8.0 kcal/d; p \<0.0001), but there was no difference between diets. At the end of 24 months, REE had risen and was not significantly different from the baseline value and there was again no difference between diet groups. Body weight fell significantly from baseline over the first 6 months (5.89±0.27 in women and 7.6±0.34 in men p = 0.0002), but there was no effect of diet composition. At 24 months, body weight was still significantly lower than baseline in all diet groups by an average of 60%.

Since there were no clear diet effects on change in REE, the data from all participants were pooled to examine the effects of other factors. The fall in weight predicted the decline in REE at both 6 and 24 months ([Figure 2](#F2){ref-type="fig"}). In women, REE decreased to a greater extent over the course of the study than it did in men (β=−49±6.4 kcal; P\<0.0001), after adjusting for weight change, age, baseline weight, and baseline REE. Age was negatively associated with change in REE (β=−2.7±0.5; P\<0.0001). This suggests that for a 1-year increase in baseline age, the change in REE decreased by 2.7 kcal, after adjusting for change in weight, sex, baseline weight, and baseline REE. Baseline weight was positively associated with change in REE (β=4.7±0.5; P\<0.0001). This suggests that for a 1-kg increase in baseline weight, the change in REE increased by 4.7 kcal, after adjustment for baseline REE, sex, age, and change in weight. Baseline resting energy expenditure was negatively associated with change in REE (β= −0.47±0.03; P\<0.0001), suggesting that each additional 1 kcal-REE at baseline resulted in a −0.5 kcal decrease in average REE over the course of the study, after adjustment for weight change, gender, age, and baseline weight.

Predicted Changes in REE {#S11}
------------------------

Using baseline body weight, sex and age, a prediction equation for REE was derived and used to predict 6 and 24 month REE by substituting 6 and 24 month values for weight, sex and age. At 6 months, the measured resting energy expenditure was significantly lower than predicted (−18.2±6.7 kcal/24 h p\<0.0068), suggesting adaptive thermogenesis. After 24 months, this had reversed, with measured REE being significantly higher than predicted (+21.8±10.1; p = 0.032). The difference from baseline between observed and predicted values for REE by diet assignment at 6 and 24 months is shown in [Figure 3](#F3){ref-type="fig"}. At 6 months both the LF/AP and LF/HP (65% and 55% carbohydrate diets) diet groups had observed minus predicted values of REE that were significantly below zero (P\<0.05) which is consistent with adaptive thermogenesis. By 24 month the observed minus predicted values for REE were not different from zero in any of the diet groups.

Discussion {#S12}
==========

Protein, carbohydrate, and fat in food stimulate oxygen consumption to different degrees ([@R12]), which suggests that dietary composition might affect energy expenditure ([@R13]) and thus the rate of weight loss. Mikkelsen et al ([@R14]) found that substituting either animal protein (pork) or soy protein for carbohydrate increased energy expenditure by 3% in mildly obese men over 24 hours in a respiration calorimeter. In another study, Whitehead et al ([@R15]) examined the effect of 15% or 35% protein intake on 24-h energy expenditure in subjects eating an energy restricted diet and found that on a high protein diet, the energy decrease was 71 kcal/d smaller. In a short-term study lasting only 19--21 days, Bandini et al found that total energy expenditure was significantly higher with a very high carbohydrate diet (83.1%) compared to a very high fat diet (83.5%), but resting energy expenditure was the same suggesting reduced physical activity on the high fat diet ([@R16]). Racette et al compared a low fat versus a low carbohydrate diet with or without exercise in a small study of 23 women that lasted 12 weeks. Resting energy expenditure declined comparably in the 2 diet groups ([@R17]).

In this trial we tested the effect of diet composition on body weight and resting energy expenditure over 24 months in a large group of overweight or obese patients. Both body weight and REE decreased by 6 months, but were unaffected by diet composition. The return of REE to baseline in all of the diet groups by 24 months, contrasted with the weight regain which was less than halfway back to baseline by 24 months. If there is any metabolic advantage to higher protein diets because of their higher thermic effect or effect on satiety ([@R9], [@R18]), it did not translate into measurably greater weight loss over the 24 month interval in free-living overweight or obese adults in the POUNDS LOST study.

The question of whether the fall in REE could be predicted from the decrease in body weight was evaluated by developing prediction equations for REE at baseline and using them to predict REE at 6 and 24 months from body weight at each time. At 6 months, the predicted energy expenditure was significantly higher than the measured REE in the two low fat diets (65% and 55% carbohydrate), but not in the two high fat diets. This metabolic adaptation at 6 months had disappeared by 24 months, showing that adaptive thermogenesis is indeed adaptive over time. The possibility of "adaptive" thermogenesis has been suggested in many studies ([@R17], [@R24]--[@R26], [@R28], [@R34]), but not when weight-matched controls were used ([@R35]--[@R37]) and not in 2 studies using individuals as their own control (38.39). One might have anticipated that the higher carbohydrate diets (lower fat) would stimulate energy expenditure more than the low carbohydrate (higher fat) ones, but this appears to have been overcome by the weight loss. Surprisingly, the difference between observed and predicted REE was not significantly different between the average and high protein diets as one might have expected from other studies ([@R9]). By 24 months adaptive change in REE had disappeared or been reversed.

Several other studies have previously examined the effect of underfeeding on resting energy expenditure ([@R9], [@R17]--[@R32]) and some of this data has been summarized by Saltzman and Roberts ([@R33]). In their analysis, the change in REE was predicted in pooled studies that included 153 men and women by this equation \[Change in REE = −78.8 + 11.9\*(change in body weight)\]. In our data set with 640 overweight and obese men and women who had measurements at baseline and 6 months, the equation was \[change in REE = −12.06 + (11.9\*change in body weight)\]. The slope of the regression in our study was nearly identical to Saltzman and Roberts ([@R33]), although the intercepts were different. In their analysis, Saltzman and Roberts ([@R33]) also reported that the average rate of weight change was −0.53 ± 0.14 g/d which is much more rapid than in our study (−0.036±0.0012 g/d m±SE), probably because most of the other studies had larger weight losses (range 7.9 to 27.0 kg) compared to the 6.5 kg in our study.

This study has several major strengths. It is the largest study to provide measurements of REE at baseline and again after 6 and 24 months in participants assigned to one of 4 diets differing in macronutrient composition. Second, in addition to being a large sample, it had nearly 40% men, and had a high percentage of participants \[497/811 (61%)\] who completed the measurement at 24 months. Weaknesses include the fact that adherence to the assigned diets was below expectations ([@R4], [@R40]) and that the percentage of minorities was low. The lower adherence to the diet than predicted from diet prescription would reduce the likelihood of finding differences related to diet, if they existed.

In summary, resting energy expenditure in this large study declined in with weight loss and the decline can be accounted for by the decrease in body weight. Macronutrient composition of the diet assignment did not influence the changes in resting energy expenditure at 6 months, but there were suggestive changes relating body weight to the higher fat diets. There was an adaptive metabolic response to weight loss at 6 months that had disappeared by 24 months.
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###### 

Baseline Characteristics by Diet Assignment

  Variable           LF/AP (65% Carb)   LF/HP (55% Carb)   HF/AP (45% Carb)   HF/HP (35% Carb)   P-value
  ------------------ ------------------ ------------------ ------------------ ------------------ ---------
  N                  204                202                204                201                
  M/F                78/126             67/135             9/123              72/129             
  Age                51.3±8.9           50.5±9.5           51.7±9.3           50.8±9.1           0.56
  REE (kcal/24h)     1554±288           1516±253           1556±340           1566±311           0.33
  RQ                 0.84±0.044         0.84±0.043         0.85±0.045         0.84±0.042         0.38
  Height (m)         1.69±0.09          1.67±0.09          1.68±0.09          1.68±0.09          0.22
  Weight (kg)        93.8±15.8          91.5±13.1          92.0±16.9          94.3±16.02         0.098
  BMI (kg/m^2^)      32.64±3.66         32.6±13.66         32.3±83.9          33.17±4.17         0.18
  Surface Area (m)   2.07±0.21          2.03±0.18          2.04±0.23          2.06±0.21          0.22
  Waist (cm)         103.6±13.4         102.5±11.6         103.4±13.8         104.1±13.2         0.66

Data are Mean±SD. REE = resting energy expenditure; RQ =respiratory quotient; BMI = body mass index.

###### 

Change from Baseline to 6 months by Diet Assignment

  Variable              LF/AP (65% Carb)   LF/HP (55% Carb)   HF/AP (45% Carb)   HF/HP (35% Carb)   P-value
  --------------------- ------------------ ------------------ ------------------ ------------------ ---------
  N                     157                164                158                162                
  REE (kcal/24h)        −75.2±10.7         −72.8±10.4         −78.1±10.6         −65.5±10.8         0.68
  RQ                    +0.0049±0.0033     −0.0013±.0033      −0.013±0.0033      −0.0044±0.0033     0.16
  Weight (kg)           −6.54±0.42         −6.80±0.42         −6.37±0.42         −6.42±0.42         0.68
  BMI (kg/m^2^)         −2.27±0.15         −2.37±0.14         −2.27±0.25         −2.26±0.16         0.82
  Surface Area (m^2^)   −0.063±0.0042      −0.066±0.0042      −0.063±0.041       −0.063±0.041       0.77
  Waist (cm)            −6.52±0.46         −693±0.46          −6.87±0.46         −7.03±0.46         0.78

Data are Mean±SE with baseline covariate adjusted for age and sex. REE = resting energy expenditure; RQ =respiratory quotient; BMI = body mass index.

###### 

Change from Baseline to 24 months by Carbohydrate Diet Assignment

  Variable              LF/AP (65% Carb)   LF/HP (55% Carb)   HF/AP (45% Carb)   HF/HP (35% Carb)   P-value
  --------------------- ------------------ ------------------ ------------------ ------------------ ---------
  N                     123                128                114                132                
  REE (kcal/24h)        −15.1±19.6         −19.9±19.2         −16.4±20.4         +035±19.1          0.65
  RQ                    −0.0040±0.0037     −0.0070±0.0036     −0.027±0.0039      −0.016±0.0036      0.11
  Weight (kg)           −3.26±0.56         −5.03±0.58         −3.87±0.59         −3.98±0.42         0.092
  BMI (kg/m^2^)         −1.10±0.19         −1.73±0.20         −1.40±0.21         −1.41±0.20         0.11
  Surface Area (m^2^)   −0.032±0.0055      −0.049±0.056       −0.039±0.057       −0.039±0.057       0.096
  Waist (cm)            −4.92±0.61         −6.84±0.63         −5.81±0.65         −5.95±0.62         0.11

Data are Mean±SE with baseline value as a covariate and adjusted for age and sex. REE = resting energy expenditure; RQ =respiratory quotient; BMI = body mass index.
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